Fluor-schorl, NaFe 2+ 3 Al 6 Si 6 O 18 (BO 3 ) 3 (OH) 3 F, is a new mineral species of the tourmaline supergroup from alluvial tin deposits near Steinberg, Zschorlau, Erzgebirge (Saxonian Ore Mountains), Saxony, Germany, and from pegmatites near Grasstein (area from Mittewald to Sachsenklemme), Trentino, South Tyrol, Italy. Fluor-schorl was formed as a pneumatolytic phase and in high-temperature hydrothermal veins in granitic pegmatites. Crystals are black (pale brownish to pale greyish-bluish, if ,0.3 mm in diameter) with a bluish-white streak. Fluor-schorl is brittle and has a Mohs hardness of 7; it is non-fluorescent, has no observable parting and a poor/indistinct cleavage parallel to {0001}. It has a calculated density of $3.23 g/cm 3 . In plane-polarized light, it is pleochroic, O ¼ brown to grey-brown (Zschorlau), blue (Grasstein), E ¼ pale grey-brown (Zschorlau), cream (Grasstein). Fluorschorl is uniaxial negative, o ¼ 1.660(2)-1.661(2), e ¼ 1.636(2)-1.637(2). The mineral is rhombohedral, space group R3m, a ¼ 16.005(2), c ¼ 7.176(1) Å , V ¼ 1591.9(4) Å 3 (Zschorlau), a ¼ 15.995(1), c ¼ 7.166(1) Å , V ¼ 1587.7(9) Å 3 (Grasstein), Z ¼ 3. The eight strongest observed X-ray diffraction lines in the powder pattern [d in Å (I)hkl] are: 2.Grasstein). Analyses by a combination of electron microprobe, secondary-ion mass spectrometry (SIMS), Mössbauer spectroscopic data and crystal-structure refinement result in the structural formulae X W [(OH) 0.6 F 0.4 ]. The investigated tourmalines from the Erzgebirge show that there exists a complete fluor-schorl-schorl solid-solution series. For all studied tourmaline samples, a distinct inverse correlation was observed between the X-O2 distance (which reflects the mean ionic radius of the X-site occupants) and the F content (r 2 ¼ 0.92). A strong positive correlation was found to exist between the F content and the ,Y-O. distance (r 2 ¼ 0.93). This correlation indicates that Fe 2+ -rich tourmalines from the investigated localities clearly tend to have a F-rich or F-dominant composition. A further strong positive correlation (r 2 ¼ 0.82) exists between the refined F content and the Y-W (F,OH) distance, and the latter may be used to quickly estimate the F content.
) 3 (OH) 3 F, is related to end-member schorl by the substution F ! (OH). The chemical compositions and refined crystal structures of several schorl samples from cotype localities for schorl (alluvial tin deposits and tin mines in the Erzgebirge, including Zschorlau) are also reported. The unit-cell parameters of schorl from these localities are slightly variable, a ¼ 15. 98-15.99, c ¼ 7.15-7.16 Å , corresponding to structural formulae ranging from $ X (Na 0.5 & 0.5 ) Y (Fe 2+ 
Introduction and previous work
The general chemical formula of the tourmaline-supergroup minerals can be written as X Y 3 Z 6 [T 6 O 18 ] (BO 3 ) 3 V 3 W, as proposed by Henry et al. (2010) . These authors and Hawthorne (1996 Hawthorne ( , 2002 suggest occupancies by the following most common cations: Crystal-chemical relationships in the tourmaline supergroup and crystal chemistry of the schorl-dravite series have been investigated by Bosi & Lucchesi (2004 , 2007 . Tourmalines with the ideal formula NaFe 2+ 3 Al 6 Si 6 O 18 (BO 3 ) 3 (OH) 3 F have already been described by Novák et al. (1998) and Burianek & Novák (2004) from Moravia, Czech Republic, by Ertl et al. (2006) from South Tyrol, Italy, by Kolitsch et al. (2011 Kolitsch et al. ( , 2013 from Nordland, Norway, by Shirose & Uehara (2013) from the Kyushu Region, Japan, by Dixon et al. (2014) from British Columbia, Canada, and by Boudreaux et al. (2014) from the miarolitic NYF Erongo Granite in the Erongo Complex of Namibia. In 2011 both the name and the mineral fluorschorl (2010-067) have been approved by the IMA -Commission on New Minerals, Nomenclature and Classification (CNMNC) as a new member of the tourmaline supergroup .
In a survey on the incorporation of fluorine in tourmaline, Henry & Dutrow (2011) pointed out that tourmaline in fluorite-bearing rocks can usually be assigned to fluorschorl. They further stated that tourmalines associated with fluorite in these petrologic environments generally outline the boundary of the F range defined by their cumulative data set, implying that crystallochemical constraints limit these tourmaline compositions as well. Henry & Dutrow (2011) conclude that these fluor-species are relatively common in the alkali-group of tourmaline.
In this work we investigate black tourmalines from the area near Grasstein (South Tyrol, Italy; Ertl et al., 2006) and from different localities in the Erzgebirge (former tin mines in Saxony, Germany, and Krušné Hory Mts., Bohemia, Czech Republic). Additional data will be briefly given below for fluor-schorl from additional localities newly confirmed by us.
The early history of the mineral schorl shows that the name ''Schorl'' was in use prior to the year 1400 AD because a village known today as Zschorlau (in Saxony, Germany) was then named ''Schorl'' (or minor variants of this name). This village had a nearby tin mine where, in addition to cassiterite, a lot of black tourmaline was found (Ertl, 2006) . Around 200 years later followed the first relatively detailed description of schorl and its occurrence (various alluvial tin deposits and tin mines in the Erzgebirge), which was published by Johannes Mathesius (Mathesij, 1562) . Mathesius described schorl originally as ''schürl'', with the properties black, a lighter weight than cassiterite (''zynstein'') and that it breaks easily. In that publication schorl should not be confused with ''wolframite'', which he describes as heavier than cassiterite, while pointing out that, when it comes together with cassiterite in the furnace, it (''wolframite'') produces much slag and makes the tin hard and white spotted (Mathesij, 1562; Ertl, 2006) .
We tried to obtain black tourmaline samples from these localities, which were originally described by Mathesius as: ''Erbarsdorff'' (later called Ebersdorf; today named Ehrenfriedersdorf, Saxony, Germany; Schiffner, 1839), ''Geyer'' (today also Geyer, Saxony), ''Altenberg'' (today also Altenberg, Saxony), ''Schlackawalde'' (later called Schlackenwald or Schlaggenwald; today named Horní Slávkov in Bohemia, Czech Republic), ''Neideck'' (later called Neudek; today named Nejdek, Bohemia), ''Plat'' (later called Platten or Bergstadt Platten; today named Horní Blatná, Bohemia), ''Perlinger'' (later called Perninger, Berninger or Bärringen; today named Pernink, Bohemia), near ''Gotsgabe'' (later called Gottesgab; today named Boží Dar, Bohemia), ''am Schwartzwasser hinter dem Spitzberg'' (later called river Schwarzwasser behind Spitzberg mountain; today river Č erná near Boží Dar), ''Muckenberg'' (later Mückenberg near Halbmeil, belongs today to Boží Dar), ''hengst'' (also ''am großen Hengst'', later called Seifen, then Ryžovna, which belongs since 1955 also to Boží Dar), and ''umb den Schneberg'' (area around village Schneeberg; the small former village Schorlau, today named Zschorlau, is also located close to Schneeberg) (see also Ertl, 2006) . We only successfully obtained samples from the Schneeberg District (sample designation SCHN1, Schneeberg; LIN, from a quarry (mined for cassiterite at Sandberg) near Lindenau, since 1999 a district of the village Schneeberg; ZSCH, several samples from alluvial tin deposits near Am Steinberg close to village Zschorlau), from Ehrenfriedersdorf (SAU2, Sauberg Mine) and from Nejdek (NEUDEK). In addition, we characterize black tourmaline from Johanngeorgenstadt, Erzgebirge, Saxony (JOH).
Type material
Parts of the cotype material of fluor-schorl are deposited in the collections of the Naturhistorisches Museum, Vienna, Austria (N 8165 from Zschorlau; N 8166 from Grasstein). Parts of the cotype material of fluor-schorl from Grasstein have also been catalogued by the ''Museum of Nature South Tyrol'', Bozen/Bolzano, Italy (catalogue no. MIN 9777). Parts of the cotype material of fluor-schorl from Zschorlau have also been deposited in the collections (Mineralogische Sammlung, Geowissenschaftliche Sammlungen) of the TU Bergakademie Freiberg, 3. Petrological settings of studied samples
Erzgebirge/Krušné Hory Mountains
Tourmaline samples were either obtained or self-collected from several localities throughout the Erzgebirge/Krušné Hory Mountains including locations near Schneeberg (including Zschorlau, Germany), Johanngeorgenstadt (Germany), Ehrenfriedersdorf (Germany) and Nejdek (Czech Republic). All of the fluor-schorl and schorl samples are from pegmatitic bodies related to the latecollisional granites ($325-318 Ma) that were emplaced at shallow crustal levels ($0.2 GPa) in the Variscan metamorphic basement (Förster et al., 1999; Romer et al., 2007) . The granites can be strongly peraluminous S-type rocks with the highest degree of differentiation reached in the Li-mica granites which contain strongly elevated concentrations of P, F, Li, Rb, Cs, Ta, Sn, W and U (Förster et al., 1999) . All of the fluor-schorl that is considered pneumatolytic occurs in areas with tin mineralization. The cotype locality of fluor-schorl is the area of alluvial tin deposits near Am Steinberg, Zschorlau, Erzgebirge, Saxony, Germany. Here fluor-schorl is closely associated with quartz, biotite, albite, orthoclase, schorl (occurs also in the Zschorlau ''Bergsegen'' wolframite mine as dark green to almost black aggregates, consisting of fibrous crystals embedded in quartz; Tschiebel, 2000a and b), apatite, beryl, cassiterite and ''wolframite'' (see also Ertl, 2006; Tschiedel, 2006) . Fluor-schorl occurs typically as striated prismatic crystals, up to $1 Â 10 mm, that are often radially arranged and found in small quartz veins intergrown with quartz and feldspar, and rarely grown on quartz crystals.
Grasstein, Trentino -South Tyrol, Italy
The cotype locality of fluor-schorl is the area around Grasstein (from Mittewald to Sachsenklemme), west of the village of Mittewald, Trentino, South Tyrol, Italy. Fluor-schorl occurs there in pegmatites, which are associated with the shallow-level, $280 Ma Brixener granite (Del Moro & Visonà, 1982; Rottura et al., 1997) . Small veins in this pegmatite contain quartz crystals (up to $1 cm in length) with tiny prismatic tourmaline crystals grown on their top. These tourmaline crystals show a pale brownish to pale greyish-bluish colour and have a maximum size of $1 mm. Similar F-rich, prismatic tourmalines are locally intergrown with quartz, have a brown-black colour, show strong dichroism, and reach a size of up to $8 mm. There appear to be two different phases of development in the pegmatitic body: a pneumatolytic phase and a hydrothermal phase (Kreuzeder, 1949) . The pneumatolytic phase includes fluor-schorl as well as fluorite, axinite, epidote, pyrrhotite, molybdenite, galena, chalcopyrite and pyrite. Fluor-schorl occurs as prismatic crystals, up to $5 Â 10 mm, intergrown with quartz and rarely grown on quartz crystals. The hydrothermal phase includes zoisite, garnet, prehnite, albite, muscovite, talc, chlorite, chabazite, stilbite, laumontite, apophyllite and calcite.
Additional fluor-schorl occurrences
Among more than 50 different studied samples of dark tourmaline from world-wide occurrences, the ones briefly described below were all confirmed as fluor-schorl by single-crystal structure refinements and chemical analyses (scanning electron microscope -energy dispersive X-ray spectroscopy).
-Dark brown, subparallel prisms in quartz from the Roter Berg mining district, Schneeberg, Saxony, Germany (collection Joachim Gröbner, Clausthal, Germany). -A black prism, associated with pale greenish hexahedra of fluorite and yellowish to ivory-coloured K-feldspar crystals, from a granite pegmatite in the Epprechtstein quarry, Kirchenlamitz, Fichtelgebirge, Franken, Bavaria, Germany (Naturhistorisches Museum, Vienna, Austria; catalogue no. J 7975). -A black prism from a granite pegmatite at Nedvědice, Vysočina Region, Moravia (Mähren; Maehren), Czech Republic, obtained from Jan Cempírek; fragments from both core and rim of the crystal have similar compositions. The analytical result confirms previous data for tourmaline from this locality (Novák et al., 1998) . -Several samples with black prisms, associated with pale greenish, rounded (corroded) octahedral fluorite crystals, minor (hydroxyl-?)herderite, and schorl from the famous granite pegmatites (see also Niedermayr & Schnaitmann, 2010; Niedermayr et al., 2012) in the Erongo Region (in part from farm Davib West), Namibia (gifts from Lars Epple, Gerlingen, Germany, and Herbert Kaiser, Maria Enzersdorf, Austria). The F-dominance in these samples is consistent with data on rock-forming tourmaline in the Erongo granite (Trumbull et al., 2008) . -A thick black prism, associated with reddish K-feldspar, from the Mile 72 pegmatite, Swakopmund, Erongo Region, Namibia (self-collected by UK). -Black-brown, crude prisms, associated quartz and feldspar, from a pegmatite patch in the Lake Boga granite quarry, Australia (self-collected by UK).
The samples closest to the fluor-schorl end-member composition were those in direct assocation with (apparently contemporaneously crystallised) fluorite (Epprechtstein and Erongo localities, with $0.8 apfu F). This observation is not unexpected and confirms the conclusions of Henry & Dutrow (2011) . (Nonius, 2007) and multi-scan absorption correction (Otwinowski et al., 2003) for the remaining samples. The structures were refined with SHELXL-97 (Sheldrick, 2008) using scattering factors for neutral atoms and the structure model from Fortier & Donnay (1975) as a starting model. During all refinements, the X site was modelled with Na scattering factors and unconstrained occupancy, and the Y site and Z site were similarly modelled using Al and Fe scattering factors. The T site was modelled using Si scattering factors, but with fixed occupancy of Si 1.00 , because refinement with unconstrained occupancy showed this site to be essentially fully occupied by Si within error limits. The B site was modelled with fixed occupancy of B 1.00 . The H site was freely refined. The F:O ratio on the W site was freely refined and found to be in generally excellent agreement with the electronprobe microanalysis (EPMA) data (see below); it was observed that a check of the measured intensity of the very weak " 1 2 0 reflection in the datasets was necessary if this reflection was blocked or partially obscured by the beam stop (easily visible from the resulting anomalously large discrepancy between the measured and calculated intensity), the refined F:O ratio was less reliable due to an increased standard uncertainty. From our extensive experience with high-resolution, single-crystal tourmaline datasets, the refined F content of a given tourmaline is accurate to within 0.1-0.2 atoms per formula unit (apfu). The final refinement was performed with anisotropic thermal parameters for all non-hydrogen atoms. Table 2 lists the atom parameters and Table 3 presents selected interatomic distances.
Powder X-ray diffraction
An automated X-ray powder diffractometer (PHILIPS X'Pert -PW3020) was used for recording the X-ray powder data for fluor-schorl. We used Cu Ka1 radiation (l ¼ 1.54056 Å ), at 40 kV and 40 mA. Silicon (SRM640c) was employed as internal standard for both the Zschorlau and Grasstein samples. Quartz was used for calibration (by Table 2 . Positional parameters and their estimated standard deviations for fluor-schorl and schorl (localities in South Tyrol and Erzgebirge/ Krušné Hory Mountains).
Site Sample x y z U eq Occ. (7 Indexing was based on calculated intensities obtained from the fluor-schorl structure refinements (this work, ZSCH8; Ertl et al., 2006) .
Chemical analyses
The tourmaline single crystals and crystal fragments used for the structure refinements were prepared as a section (polished on one side of the samples) for chemical Concentrations of H, Li, Be and B were determined by SIMS with a CAMECA IMS 3f ion microprobe (Universität Heidelberg). For Li, Be, and B the primary beam current was 10 nA, resulting in a beam diameter of $ 20 mm. The spectrometer mass resolution M/DM was set to $1100 (AE10 %) and the imaged field was 150 mm in diameter. For determination of H, the primary beam current was 20 nA, M/DM was set to $400 (AE10 %) and the imaged field was set to 25 mm (nominal value). To reduce the influence of in situ contamination with water, a small field-aperture (d ¼ 400 mm) was chosen, which limited the analysed area to $ 5 mm in diameter. The relative ion yield for B and H was determined using three tourmalines as reference material: elbaite (98144), dravite (108796) and schorl (112566) (Dyar et al., 1998) . For Li and Be the standard glass SRM610 (NIST) was used as reference material (more analytical details are given in Ertl et al., 2009) . Because matrix effects and the uncertainty on element concentrations in the reference materials limit the accuracy, the worst-case deviation is estimated to be better than 20 % for H and Li and better than 10 % for Be and B. Table 4 contains complete chemical-analytical data for the tourmalines. The crystal-chemical formula was calculated on the basis of 31 (OH,O,F). When the amount of B in the preliminary calculated formulae (by using the SIMS 1.8716(9) 1.8710 (9) 1.8649 (9) 1.8685(10) 1.8691 (9) 1.8682 (8) 1.8682 (9) 1.8686 (8) 1.8657 (10) O7 1.8855(9) 1.8852 (8) 1.8799 (8) 1.8819(10) 1.8828 (9) 1.8842 (8) 1.8827 (9) 1.8816 (8) 1.8789 (10) O8 1.8885(9) 1.8878 (8) 1.8866 (9) 1.8871(10) 1.8877 (9) 1.8871 (8) 1.8856 (9) 1.8868 (8) 1.8856(10) O8'
1.9310(9) 1.9313 (9) 1.9273 (9) 1.9285(10) 1.9264 (9) 1.9289 (9) 1.9282 (9) 1.9264 (8) 1.9248(10) O7'
1.9676(9) 1.9661 (8) 1.9599 (9) 1.9618(10) 1.9610 (9) 1.9642 (9) 1.9651 (9) 1.9621 (8) 1.9568 (10) O3 1.9787 (7) 1.9812 (6) 1.9815 (7) 1.9821 (8) 1.9810 (7) 1.9797 (6) 1.9782 (7) 1.9797 (6) 1.9823 (8) (9) 1.6098(10) 1.6113 (9) 1.6078 (8) 1.6061 (9) 1.6102 (8) 1.6134 (10) O7 1.6131(9) 1.6139 (8) 1.6162 (8) 1.6153(10) 1.6140 (9) 1.6126 (8) 1.6126 (9) 1.6143 (8) 1.6157 (9) O4 1.6257(5) 1.6269(5) 1.6269 (5) 1.6258 (6) 1.6248(5) 1.6260(5) 1.6245(5) 1.6250 (5) 1.6248 (6) O5 1.6390(6) 1.6401 (6) 1.6400 (6) 1.6388 (7) 1.6382 (6) 1.6388 (5) 1.6368 (6) 1.6381 (5) 1.6380 (6) 
Mössbauer spectroscopy
Approximately 10 mg of each tourmaline sample from the Erzgebirge were gently crushed under acetone, then mixed with a sugar-acetone solution designed to form sugar 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.01 0.03 0.02 Sum T site 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 [3] B 3.00 3.00 3.00 3.00 3.00 3.00 2.99 3.00 3.00 3.00 Al 6.32 6.18 6.51 6.50 6.64 6.32 6.49 6.65 6.72 6. College) and corrected to remove the fraction of the baseline due to the Compton scattering of 122 keV gamma rays by electrons inside the detector. Run times were 24 h with baseline counts of 9 and 32 million. Spectra were collected in 2048 channels and corrected for nonlinearity. Data were modelled using a programme from the University of Ghent, Belgium, called DIST_3E (an implementation of software described in Wivel & Mørup, 1981) , which uses model-independent quadrupole splitting distributions for which the subspectra are constituted by Lorentzian-shaped lines. Peak areas were not corrected for differential recoil-free fractions for Fe 2+ and Fe 3+ because the appropriate correction factors do not exist. Mössbauer spectra for cotype fluor-schorl from Grasstein are given in Ertl et al. (2006) .
Optical and near-infrared absorption spectroscopy
Fluor-schorl (sample GRR 2935) from Grasstein, South Tyrol, Italy, was prepared for optical absorption spectroscopy as a polished thin section, 0.045 mm thick, oriented with the c axis in the plane of the section. Optical and near-IR absorption spectra in the 300-1500 nm range were obtained on a homemade diode array spectrometer described in Taran & Rossman (2001) . Spectra in the 1400-2200 nm range were obtained on a Nicolet Magna 860 FTIR with a CaF 2 beamsplitter, InGaAs detector, and a LiIO 3 crystal polarizer.
Raman spectroscopy
Single-crystal Raman spectra of fluor-schorl and schorl, both from Zschorlau, were recorded from randomly oriented fragments. The spectra were obtained in quasibackscatter geometry by means of a Horiba LabRAM-HR spectrometer equipped with a Olympus BX41 optical microscope. The 532 nm emission (10 mW) of a frequency-doubled Nd:YAG laser was used for excitation. The wavenumber accuracy was 0.5 cm À1 . With a grating with 1800 lines per millimetre in the optical pathway, the spectral resolution was $1 cm À1 . More experimental details are described elsewhere (Ruschel et al., 2012) .
Results

Optical properties, optical absorption spectra and Raman spectra
In plane-polarized light, fluor-schorl is dichroic, O ¼ brown to grey-brown (Zschorlau), blue (Grasstein), E ¼ pale grey-brown (Zschorlau), cream (Grasstein). Fluor-schorl is uniaxial negative, o ¼ 1.660(2)-1.661(2), e ¼ 1.636(2)-1.637(2). The salient feature of the optical absorption spectrum (Fig. 1) is a pair of absorption bands in the E?c direction centred at about 732 and 1140 nm. These are Fe 2+ absorptions with intensity enhanced in the E?c direction by interaction with Fe 3+ (Mattson & Rossman, 1987) . This is consistent with the amount of Fe 3+ determined by the chemical analysis. A shoulder at 530 nm is in a region where a Fe 2+ spin-forbidden band occurs as well as close to where Mn 3+ features occur. A weak, sharper feature at 496 nm is a Fe 2+ spin-forbidden band (Faye et al., 1968) . In addition, overtones of the OH stretching are observed at 1408 and 1435 nm in the E||c orientation.
Raman spectra of fluor-schorl and schorl, both from Zschorlau, are presented in Fig. 2 . Spectra are shown as recorded, i.e. no background correction or smoothing was applied. As expected, the fingerprint pattern of vibrational modes of fluor-schorl corresponds closely to spectra of tourmalines of the buergerite-schorl series (Gasharova , 1997) . The main difference between Raman spectra of fluor-schorl and schorl is observed in the high-energy spectral range, where fluor-schorl is characterized by generally lower intensity of the O-H stretching band at 3563 cm À1 . This is explained by the fact that the amount of OH present in fluor-schorl is visibly lower, compared to schorl. Note, however, that our observation is rather qualitative since no precise quantification of the hydroxyl content based on our Raman spectra was possible (this would require measurement in oriented sections and the availability of a proper calibration; see e.g. Thomas et al., 2008) .
Physical properties
Fluor-schorl is brittle and has a Mohs hardness of 7; it is non-fluorescent, has no observable parting and a poor/ indistinct cleavage parallel to {0001}. It has a measured density of 3.20(3) g/cm 3 (by pycnometry) and a calculated density of 3.235 g/cm 3 (Zschorlau) and 3.218 g/cm 3 (Grasstein) from the empirical formulae. The fracture is irregular to uneven and sub-conchoidal. It has a prismatic habit and shows the forms {120}, {À100} (usually not clearly differentiated because of strong striation parallel to the c axis) and rarely {101}. Twinning was not observed. The c:a ratio calculated from the refined unit-cell parameters (powder data) is 0.449 (Zschorlau) and 0.448 (Grasstein).
Mössbauer spectra
The Mössbauer spectrum of fluor-schorl from Grasstein was fit to four doublets , using as guidelines the Mössbauer parameters in Dyar et al. (1998) . The first two doublets are subcomponents of a distribution corresponding to Fe 2+ at the Y site. The third doublet, with an isomer shift of 0.87 mm/s, lies in the range for electron delocalized peaks, reflecting an electron shared between Fe 2+ and Fe 3+ . Thus, the doublet area must be split between the two valence states. Finally, the last distribution, with an isomer shift of 0.37 mm/s, represents Fe 3+ in octahedral coordination. A specific site assignment for Fe 3+ could not be made on the basis of the Mössbauer data alone. Based on these data, Ertl et al. (2006) concluded that the Grasstein sample contains 17 % of the total Fe as Fe 3+ , with an error of AE5 % due to the significant overlap of the peaks in the spectrum and the additional uncertainty introduced by assuming the same recoil-free fraction for Fe 2+ and Fe 3+ . The Mössbauer spectra of fluor-schorl and schorl from the Erzgebirge area were fit to five doublets (Table 5 ; Figs S1-S4, available online as Supplementary Material linked to this article on the GSW website of the journal, http://eurjmin.geoscienceworld.org/). The first four doublets are subcomponents of a distribution corresponding to Fe 2+ at the Y site. The fifth doublet, with an isomer shift of 0.42-0.46 mm/s, represents Fe 3+ in octahedral Table 5 ). The errors on %Fe 3+ contents of samples as measured by Mössbauer spectroscopy are generally cited as AE1-3 % absolute for tourmaline (e.g. Dyar et al., 1998) . However, the spectra in this study are of extremely high quality as shown by the very small standard uncertainties (Figs S1-S4) and the results for total ferric iron are strikingly consistent. Thus, we estimate that the %Fe 3+ values in this study are more accurate than those used in the Dyar et al. (1998) study, and are probably within AE2 % accuracy.
Crystal chemistry and structure analysis
Analyses by a combination of electron microprobe, SIMS, Mössbauer spectroscopic data and crystal-structure refinement result in the structural formulae X (Na (40)(211), 4.005(39)(220), 6.382(37)(101), 1.454(36)(514) (Grasstein). Unit-cell parameters estimated by using powder data (Table S1 , deposited and freely available online, linked to this article on the GSW website of the journal http://eurjmin.geoscienceworld.org) and Rietveld refinement (Fischer et al., 1993) are a ¼ 15.996(1), c ¼ 7.186(1) Å , V ¼ 1592.4(9) Å 3 (Zschorlau) and a ¼ 15.995(1), c ¼ 7.166(1) Å , V ¼ 1587.7(9) Å 3 (Grasstein).
X -site occupancy
The X site is in both cotype specimens of fluor-schorl mainly occupied by Na (0.78-0.82 apfu) and only very small amounts of K and Ca ( 0.01 apfu; Table 4 ). The Xsite vacancies are in the range 0.16-0.21 pfu. In all five investigated fluor-schorl samples, the Na content varies between 0.68 and 0.82 apfu (Table 4) , whereas the K and Ca contents are very low ( 0.02 apfu). The X-site vacancies are in the range 0.16-0.31 pfu.
In the schorl samples from the cotype localities, Na varies from 0.52 to 0.66 apfu (Table 4) , while the K and Ca contents are also very low ( 0.02 apfu). The numbers of vacancies are somewhat higher than in the investigated fluor-schorl samples (0.32-0.48 pfu).
Y -and Z-site occupancy
The Y site is in both fluor-schorl samples of the cotype localities mainly occupied by Fe 2+ ($1.9-2.3 apfu; Table 4 ) and only by small amounts of Fe 3+ ( 0.1 apfu) , which is consistent with the relatively large ,Y-O. distances (2.056-2.058 Å ; Table 3 ). Also significant amounts of Al occupy the Y site (ca. 0.4-0.6 apfu). The amounts of Mg ( 0.2 apfu) and Mn 2+ ( 0.1 apfu) are relatively small. Very small amounts of Zn, Li and Ti 4+ were also observed ( 0.03 apfu). The estimated Y-site vacancies are relatively minor ( 0.2 pfu). The Z site is in these fluor-schorl samples mainly occupied by Al ($5.7-5.8 apfu) . We assigned small amounts of Fe 3+ in the range of $0.1-0.3 apfu to the Z site, in accordance with refined site occupancies (,Z-O. ¼ 1.920-1.921 Å ; see also Ertl et al., 2012) . Because the assignment of Ti 4+ to the Z site was strongly supported by bond-valence calculations in Ertl et al. (2012) , we assigned also small amounts of Ti 4+ ( 0.1 apfu) to this site. The finally assigned Z-site occupation of these fluor-schorl samples is consistent with the refined Z-site occupancy within the 3s error (Table 2 , this work and Ertl et al., 2006) , and with the estimated Fe 3+ of the Mössbauer data, also within errors.
Fluor-schorl samples from the Erzgebirge (Saxony, Germany, and Krušné Hory Mts., Bohemia, Czech Republic) contain Fe 2+ in the range $2.1-2.3 apfu (Table 4 ) and relatively small amounts of Fe 3+ ($0.1 apfu). Interestingly, Mössbauer data shows that the ferric component is in all Erzgebirge localities very similar ($3-4 % Fe 3+ ; Table 5 ; Figs. S1-S4). In addition, these fluor-schorls contain relatively small amounts of Mg ($0.1-0.2 apfu) and Ti 4+ ( 0.1 apfu), as well as very small amounts of Li ( 0.04 apfu), Mn 2+ (0.01-0.02 apfu) and Zn (0.01 apfu; Table 4 ).
Schorl samples from the cotype localities (for schorl) in the Erzgebirge contain lower amounts of Fe 2+ ($1.8-2.1 apfu), similar amounts of Fe 3+ ($0.1 apfu; $4 % Fe 3+ ; Table 5 ), relatively small amounts of Mg ( 0.15 apfu) and Ti 4+ ( 0.08 apfu) and very small amounts of Mn 2+ (0.01-0.03 apfu), Li (0.01-0.02 apfu) and Zn (0.01 apfu; Table 4 ).
T-site occupancy
The T site in the cotype samples of fluor-schorl is mainly occupied by Si and contains relatively small amounts of Al ($0.1-0.2 apfu), consistent with slightly enlarged ,T-O. distances in the range 1.621-1.622 Å (Table 3 ) and data given by MacDonald & Hawthorne (1995) on the Si $ Al substitution in tourmaline. In fluor-schorl samples from the Erzgebirge the ,T-O. distances vary from 1.620 to 1.623 Å (Table 3) .
Schorl samples from the cotype localities (for schorl) in the Erzgebirge exhibit $0.2-0.3 apfu [4] Al, consistent with ,T-O. distances in the range 1.622-1.623 Å (Table 3) .
Fluor-schorl, a new member of the tourmaline supergroup 173 eschweizerbart_xxx 6.8. V-and W-site occupancy
The V site is in all investigated samples completely occupied by OH. The W site of the fluor-schorl samples from the cotype localities is occupied by $0.7-0.8 apfu F (Table 4) , and the remainder of the W site seems to be occupied by OH. Fluor-schorl from the Erzgebirge contains 0.54-0.66 apfu F and OH in the range $0.3-0.5 pfu (Table 4 ). There is no evidence for the presence of any significant O (without H) at the W site. Schorl from the cotype localities (for schorl) in the Erzgebirge contains $0.6-0.9 pfu OH at the W site. The amount of F is in the range of $0.1-0.4 apfu (Table 4) . Again there is no evidence for any significant amounts of O (without H) at the W site.
Discussion
The X-site vacancy and the F content of all investigated samples are inversely correlated (r 2 ¼ 0.83). Similar correlations have been observed by Ertl et al. (2009 Ertl et al. ( , 2010 . When OH occupies the W site, the H atom points toward the X site. Crystallographic studies proved that F is found exclusively at the W site (as summarized by Henry & Dutrow, 1996) . The presence or absence of F immediately adjacent to the XO 9 polyhedron thus may affect this polyhedron. Henry (2005) and Henry & Dutrow (2011) showed in an evaluation of a large amount of chemical analyses of different tourmalines that, with more than 0.5 X-site vacancies, there is little or no F present in tourmaline.
By comparing the X-O2, X-O4 and X-O5 bond lengths (X-O2 , X-O5 , X-O4) of different tourmaline structures, it is evident that the X-O2 bond length has the widest variation compared to the X-O4 and X-O5 distances (see Table 3 ). In addition, being the shortest, the X-O2 bond length effectively reflects the mean ionic radius of the X-site occupants (Ertl et al., 2001) . By plotting the X-O2 distance and F of all investigated samples, a strong inverse correlation was observed (r 2 ¼ 0.92; Fig. 3) .
Tourmalines of the fluor-schorl -schorl solid-solution series show a strong positive correlation between the F content and the ,Y-O. distance (r 2 ¼ 0.93; Fig. 4 ). Because the ,Y-O. in these samples is mainly governed by the Fe 2+ content, Fe 2+ -rich tourmalines clearly tend to have a F-rich or F-dominant composition, which is in agreement with our general observation. A further strong positive correlation was found between the refined F content and the Y-W distance (Fig. 5 ). If the F content cannot be refined (for example, because only low-resolution and/ or low-quality diffraction data are available, the refined Y-W distance may be used to obtain a quick and fairly accurate estimate of the F content.
The F content in individual tourmaline crystals may vary, as shown by EMPA traverses measured across a euhedral black tourmaline crystal (cut perpendicular to the c axis) from Zschorlau, Erzgebirge, $5 mm in diameter. The crystal core area can be assigned to schorl (with $0.6 wt% F), while the rim area can be assigned to fluorschorl ($1.0 wt% F). During tourmaline crystallization F, Fe, Mg, Ti, and Na increase significantly, while Si and Al decrease. Such a zoning seems to be quite common for black Fe 2+ -rich tourmalines from the Erzgebirge. Such relatively high amounts of F (up to $0.7 apfu), [4] Al (up to 0.26 apfu) and relatively low X-site vacancies (down to 0.15 pfu) usually only occur in tourmalines from highgrade metapelites (Henry & Dutrow, 1996) . In contrast, the earlier crystallized schorl exhibits relatively high numbers of X-site vacancies (up to $0.5 pfu) and lower F 
Conclusion
Fluor-schorl, ideally NaFe 2+ 3 Al 6 Si 6 O 18 (BO 3 ) 3 (OH) 3 F, is related to end-member schorl by the substution F ! (OH). Fluor-schorl is named for being the F-analogue of schorl, NaFe 2+ 3 Al 6 Si 6 O 18 (BO 3 ) 3 (OH) 3 (OH), in accordance with the IMA-approved revised nomenclature of the tourmaline supergroup (Novák et al., 2009; Henry et al., 2010) . Within the tourmaline supergroup, fluorschorl is also the Fe 2+ -analogue of fluor-dravite (Clark et al., 2011) . It can be distinguished from schorl, dravite, fluor-dravite or other dark tourmalines only by accurate determination of the chemical composition, preferably by a combination of single-crystal structure refinements and chemical analyses. It may also be confused with luinaite-(OH) (IMA 2009-046) and its currently unnamed F-analogue, both representing a distorted monoclinic variant (Cm) of the tourmaline structure. Table 6 provides a comparison of relevant data for the rhombohedral members.
Our results demonstrate that fluor-schorl is relatively common in F-rich granites and granite pegmatites, especially in the Erzgebirge/Krušné Hory area, in which highly differentiated Li-mica granites (Förster et al., 1999; Romer et al., 2007) occur that contain melt inclusions with up to 11.2 wt.% F (Müller et al., 2006) . Further occurrences of fluor-schorl would be expected from similarly F-rich granite terrains (e.g., Cornwall, Andes).
For comparison purposes, we also studied samples of schorl from cotype localities in the Erzgebirge tin mining district, including Zschorlau (Ertl, 2006; Novák et al., 2009) . The unit-cell parameters of schorl from these localities are slightly variable [a ¼ 15.981-15.991 (2) ]. An investigation of black tourmalines from historical cotype localities for schorl (alluvial tin deposits and mines) in the Erzgebirge (Novák et al., 2009) , originally listed by Mathesius (Mathesij, 1562) , provided final proof for the occurrence of schorl, with the end-member formula NaFe 2+ 3 Al 6 Si 6 O 18 (BO 3 ) 3 (OH) 3 (OH), in the Schneeberg District (Am Steinberg near Zschorlau and Schneeberg itself) and at Ehrenfriedersdorf (Sauberg Mine), both in Erzgebirge, Saxony, Germany, and at Nejdek, Krušné Hory Mountains, Bohemia, Czech Republic. The investigated tourmalines from the Erzgebirge show that there exists a complete fluor-schorl -schorl solid-solution series. 
